INTRODUCTION
============

Breast cancer affects a large number of females in the Western world, accounting for half a million deaths worldwide on an annual basis. Carcinoma of the breast is a heterogeneous disease based on pathological criteria, which is probably due to the multiplicity of genetic lesions that have accumulated during tumor development, resulting in distinct tumor types. The most frequently observed subtypes, invasive ductal carcinoma (IDC) and invasive lobular carcinoma (ILC), are very distinct phenotypically as well as biochemically ([@b13-0040347]; [@b31-0040347]; [@b36-0040347]; [@b70-0040347]; [@b58-0040347]). ILC is a subtype of breast cancer that accounts for 10--15% of all cases and has a greater tendency for multifocal development and bilateral presentation than other primary breast tumors ([@b41-0040347]; [@b32-0040347]; [@b25-0040347]). Classical ILC is characterized by non-cohesive invasive cells that are arranged in trabecules without mass formation and calcification, a feature that hinders diagnosis using physical examination or mammography ([@b53-0040347]). The vast majority of ILCs are mostly estrogen receptor (ER) positive and therefore responsive to endocrine therapy; however, they are mostly refractory to standard chemotherapy treatment once hormone receptor expression is lost ([@b21-0040347]), resulting in comparable survival rates for ILC and IDC ([@b39-0040347]; [@b61-0040347]). Controversy still exists concerning the etiology of invasive breast cancer (IBC). Surprisingly, most clinicians do not regard lobular carcinoma in situ (LCIS) a precursor lesion for ILC, even though LCIS is regarded as a marker for progression to ipsilateral IBC, and 90% of LCIS-containing IBCs show a lobular phenotype ([@b65-0040347]; [@b50-0040347]; [@b18-0040347]; [@b24-0040347]). Also, loss of E-cadherin, which we have postulated as the initiating and causal event in the development of mouse ILC (mILC) ([@b16-0040347]), is a common feature of LCIS as well of the adjacent ILC cells ([@b63-0040347]).

E-cadherin is a key component of adherens junctions, structures that control the maintenance of epithelial integrity ([@b45-0040347]). E-cadherin is a cell-cell adhesion molecule that functions as a scaffold in the formation of catenin-containing complexes that link E-cadherin to the actin and microtubule cytoskeleton ([@b27-0040347]; [@b59-0040347]; [@b45-0040347]). In multiple types of cancer, loss of E-cadherin function through genetic or epigenetic mechanisms has been implicated in progression and metastasis ([@b17-0040347]; [@b62-0040347]; [@b11-0040347]; [@b27-0040347]; [@b42-0040347]; [@b5-0040347]; [@b22-0040347]; [@b59-0040347]; [@b69-0040347]; [@b52-0040347]; [@b46-0040347]; [@b3-0040347]; [@b9-0040347]; [@b12-0040347]; [@b19-0040347]; [@b67-0040347]; [@b40-0040347]). Nonetheless, the molecular mechanisms that drive tumor development and progression upon loss of E-cadherin in breast cancer remain ill-defined.

To study all aspects of tumor pathology, mouse models are needed that mimic not only tumor phenotype, but also the initiating steps of human tumor development. In addition, it is important that mouse models reflect the events that are common in human ILC pathology such as lymphatic dissemination and subsequent distant metastasis, especially to bone. We have previously shown that tissue-specific inactivation of E-cadherin and p53 leads to the development of mILC ([@b16-0040347]). While this mouse model mimics many aspects of human pathology, including metastatic dissemination, it is not attractive as a preclinical model because of the severity of skin-related problems due to cytokeratin 14 (K14) promoter driven Cre recombinase (*K14cre*) expression in multiple epithelial tissues. In addition, the stochastic activity of *K14cre* in mammary gland epithelium precludes in vivo analysis of the direct consequences of E-cadherin loss, alone or in combination with loss of p53. In this study, we have developed a new mouse model for human ILC, based on mouse whey acidic protein (*Wap*) gene promoter driven Cre recombinase (*Wcre*)-mediated conditional inactivation of E-cadherin and p53. Whereas mammary-specific loss of E-cadherin alone results in mammary epithelial cell death by apoptosis ([@b6-0040347]), combined loss of E-cadherin and p53 confers anchorage-independent survival of mammary cells, resulting in a nonfunctional mammary gland owing to aberrant lobulo-alveolar development and a severely disrupted ductal architecture. *Wcre*-mediated loss of E-cadherin and p53 resulted in a similar tumor spectrum and latency compared with the *K14cre;Cdh1^F/F^;Trp53^F/F^* model of human ILC. However, *Wcre;Cdh1^F/F^;Trp53^F/F^* mice showed increased rates of tumor cell invasion and metastasis compared with the previous model but without the development of skin-related problems, yielding a superior model of human invasive lobular breast cancer.

RESULTS
=======

We have previously shown that somatic inactivation of E-cadherin and p53 in K14-expressing cells induces the formation of mILC ([@b16-0040347]). Although this model recapitulates several aspects of human ILC, it is not very attractive as a preclinical model because of the induction of multiple skin lesions and tumors due to robust K14 expression in the epidermis. To circumvent this problem, we generated *Wcre* transgenic mice, in which Cre expression is controlled by the mouse *Wap* gene promoter ([@b26-0040347]), which is known to be expressed in the lumenal compartment of mammary epithelium ([Fig. 1A](#f1-0040347){ref-type="fig"}). We examined the efficiency and tissue-specificity of Cre-mediated recombination by crossing *Wcre* founders with mice carrying the *Rosa26-lacZ* reporter (*R26R* mice) ([@b56-0040347]). Bi-transgenic virgin and uniparous female littermates were analyzed for *lacZ* (β-galactosidase) activity using X-gal-stained tissue sections and whole mount preparations. We started by analyzing the *Wcre*-mediated recombinase activity upon lactation. Examination of whole mount preparations from uniparous female *Wcre;R26R* mice showed robust β-galactosidase activity throughout the mammary gland ([Fig. 1B](#f1-0040347){ref-type="fig"}, right panel). Histological analyses suggested *lacZ* expression in both the myoepithelial and lumenal compartments of the uniparous mammary gland. In contrast to previously published results ([@b64-0040347]), we could readily detect cells that had expressed Cre recombinase in mammary glands from virgin *Wcre* mice ([Fig. 1B](#f1-0040347){ref-type="fig"}, left panel, and [Fig. 1C](#f1-0040347){ref-type="fig"}). Examination of sectioned whole mounts revealed a weak and patchy staining pattern in 4-week-old virgin mammary glands, which was maintained throughout mammary gland development ([Fig. 1C](#f1-0040347){ref-type="fig"}). The β-galactosidase staining patterns again suggested that Cre recombinase activity was not confined to lumenal cells of the mammary gland but was also present in myoepithelial cells ([Fig. 1C](#f1-0040347){ref-type="fig"}, bottom right panel). To substantiate this, we performed immunohistochemistry for cytokeratin (CK)8, CK14 and smooth muscle actin (SMA) on sections from X-gal-stained *Wcre;R26R* virgin female mice. Unfortunately, CK14 immunohistochemistry did not yield interpretable results due to the incompatibility of the staining protocol with antigen retrieval (data not shown). However, although the majority of *lacZ*-positive (Cre-expressing) cells were coexpressing CK8, we could also detect *lacZ* positivity in CK8-negative cells ([Fig. 1D](#f1-0040347){ref-type="fig"}, top panel). Moreover, we could detect activity of *lacZ* in SMA-positive cells ([Fig. 1D](#f1-0040347){ref-type="fig"}, bottom panel), suggesting that *Wcre* is expressed in both lumenal and myoepithelial cells in *Wcre;R26R* female mice.

Mammary-gland-specific conditional inactivation of E-cadherin is not tolerated
------------------------------------------------------------------------------

To study the effects of E-cadherin loss during mammary gland development and tumor formation, we crossed our *Wcre* transgenic animals to conditional E-cadherin knockout (*Cdh1^F^*) mice ([@b16-0040347]). Despite the extensive Cre-mediated recombination in the mammary gland of *Wcre* females ([Fig. 1](#f1-0040347){ref-type="fig"}), we did not find morphological abnormalities in virgin, pregnant or parous *Wcre;Cdh1^F/F^* mice ([Fig. 2A](#f2-0040347){ref-type="fig"}, left panels). Although *Wcre;Cdh1^F/F^* females lactated and were able to nurse their litters upon parturition, the produced quantity of milk and litters was markedly lower than in wild-type animals (data not shown). Upon histological examination, we did not observe abnormalities in mammary architecture, nor did we detect E-cadherin-negative ductal structures, indicating that -- in agreement with previous studies ([@b6-0040347]; [@b16-0040347]) -- loss of E-cadherin is not tolerated in the mouse mammary gland (supplementary material Fig. S1). Moreover, *Wcre*-mediated loss of E-cadherin did not predispose mice to tumor formation, because none of the *Wcre;Cdh1^F/F^* animals developed mammary carcinomas during their live span, even after the induction of multiple pregnancies, which is consistent with previously published studies using *MMTVcre* and *K14cre* conditional E-cadherin knockout mice ([@b6-0040347]; [@b16-0040347]).

Developmental and lactational defects upon somatic inactivation of E-cadherin and p53
-------------------------------------------------------------------------------------

Mammary-specific loss of E-cadherin induces cell death by apoptosis ([@b6-0040347]). To investigate whether this apoptotic response to E-cadherin loss could be blocked by p53 inactivation, we introduced a conditional *Trp53* allele ([@b28-0040347]) into the *Wcre;Cdh1^F/F^* mouse line. Next, we studied whether dual loss of E-cadherin and p53 would influence normal mammary gland development and function. To achieve effective Cre-mediated deletion of both *Cdh1* and *Trp53*, we induced *Wcre* expression by mating and compared mammary gland morphology in *Wcre;Cdh1^F/F^;Trp53^F/F^* females with that in *Wcre;Cdh1^F/F^* and *Cdh1^F/F^;Trp53^F/F^* control mice. To this end, we examined carmine-stained whole mount preparations of fourth (inguinal) mammary glands, harvested at 14 and 17 days of pregnancy and at parturition (day 19.5). Mammary glands from virgin mice were used as a starting point. Whereas mammary glands from virgin *Wcre;Cdh1^F/F^;Trp53^F/F^* or *Wcre;Cdh1^F/F^* females showed no gross morphological abnormalities as compared with control female mice, *Wcre;Cdh1^F/F^;Trp53^F/F^* mammary glands harvested at day 14 of pregnancy displayed architectural abnormalities, showing severe ectasia (dilated ducts) and incomplete lobulo-alveolar development ([Fig. 2](#f2-0040347){ref-type="fig"}). These effects became more pronounced as pregnancy progressed, with a filling of the mammary gland with nonfunctional tissue, resulting in complete disruption of the ductal structure at parturition ([Fig. 2](#f2-0040347){ref-type="fig"}, bottom center panel). *Wcre;Cdh1^F/F^* and *Cdh1^F/F^;Trp53^F/F^* control animals showed no morphological mammary gland abnormalities during pregnancy ([Fig. 2](#f2-0040347){ref-type="fig"}, left and right panels). Although *Wcre;Cdh1^F/F^;Trp53^F/F^* and *Wcre;Cdh1^F/F^;Trp53^F/+^* female mice produced healthy newborn offspring, all pups fostered by *Wcre;Cdh1^F/F^;Trp53^F/F^* dams died before weaning age due to starvation. Also, pups from *Wcre;Cdh1^F/F^;Trp53^F/+^* dams showed reduced survival rates due to the inhibition or absence of lactation. This phenotype could be rescued by fostering pups from *Wcre;Cdh1^F/F^;Trp53^F/+^* dams to wild-type recipient dams (supplementary material Fig. S2). Furthermore, we did not detect significant differences in the sizes of newborn litters from *Wcre;Cdh1^F/F^*, *Wcre;Cdh1^F/+^*, *Wcre;Cdh1^F/F^;Trp53^F/+^*, *Wcre;Cdh1^F/+^;Trp53^F/F^* and *Wcre;Cdh1^F/F^;Trp53^F/F^* female mice (data not shown).

![**Cre expression in virgin and parous *Wcre* female mice.** (A) Schematic representation of the *Wcre* transgenic construct. The mouse *Wap* gene promoter, the rabbit intron from the gene encoding β-globin, the nuclear localization signal (nls)-*Cre* coding sequences and the human growth hormone (HGH) poly(A) are represented. IVS, intervening sequence/intron. (B) *Wcre* activity in the mammary gland during gestation. 3-month-old *Wcre;R26R* mice were analyzed for β-galactosidase activity during pregnancy. Blue staining indicates Cre-expressing cells. Scale bars: 100 μm. (C) Cre expression in *Wcre* virgin and parous female mice. Shown is β-galactosidase activity of carmine-counterstained whole mount preparations (top) and fast-nuclear-red-counterstained sections (bottom) from 4-week- and 12-week-old *Wcre;R26R* heterozygous virgin mice. Scale bars: 10 mm (top panels); 100 μm (bottom panels). (D) *Wcre* is expressed in lumenal and myoepithelial cells. Whole mounts from *Wcre;R26R*female mice were stained for *lacZ* activity, sectioned and analyzed for expression of CK8 (top panel) and SMA (bottom panel) using immunohistochemistry. Sections were counterstained with fast nuclear red. Arrowheads indicate non-lumenal *lacZ*-positive cells, whereas arrows point to CK8-positive lumenal cells (top panel) and SMA-expressing myoepithelial cells (bottom panel). Scale bars: 50 μm.](DMM006395F1){#f1-0040347}

Next, we analyzed the histology of the mammary gland at different time points during pregnancy and at parturition. We stained for myoepithelial cells using CK14, for lumenal epithelial cells using CK8 and we analyzed Cre-mediated switching through E-cadherin expression. We also studied proliferation after incorporation of BrdU, and visualized apoptosis by means of cleaved caspase-3. During pregnancy, loss of E-cadherin was apparent multifocally in mammary glands from *Wcre;Cdh1^F/F^;Trp53^F/F^* mice at day-of-pregnancy (DP) 14, 17 and 19.5 ([Fig. 3](#f3-0040347){ref-type="fig"}; supplementary material Fig. S3). Structures that showed an absence of E-cadherin expression had lost normal ductal architecture, showed no lobulo-alveolar development, and consisted of CK8-positive cells, interrupted by cells with a fibroblastic and/or mesenchymal appearance ([Fig. 3](#f3-0040347){ref-type="fig"}; *Wcre;Cdh1^F/F^;Trp53^F/F^*, DP 14, 17 and 19.5). At parturition, *Wcre;Cdh1^F/F^;Trp53^F/F^* glands showed strong proliferation when compared with control glands ([Fig. 3](#f3-0040347){ref-type="fig"}; DP 19.5), but no signs of involution-induced apoptosis were observed after weening (data not shown). Surprisingly, we did not detect histological abnormalities in mammary glands from *Wcre;Cdh1^F/F^* mice (supplementary material Fig. S1 and data not shown). Normal ductal architecture was maintained throughout pregnancy, and E-cadherin-negative ducts were not observed in these glands at either time point. These results show that loss of E-cadherin and p53 leads to aberrant lobulo-alveolar development during gestation. The developmental abnormalities are probably caused by loss of cell polarity and acquisition of anoikis resistance, resulting in loss of mammary gland organization and enhanced proliferative capacity of mammary epithelial cells, leading to a nonfunctional mammary gland.

![**Developmental and lactational defects upon inactivation of E-cadherin and p53.** Loss of E-cadherin and p53 leads to gross abnormalities in the mammary glands during gestation. Shown are carmine-stained whole mount preparations of mouse mammary glands from *Wcre;Cdh1^F/F^* mice (left panels), *Wcre;Cdh1^F/F^;Trp53^F/F^* mice (middle panels) and *Cdh1^F/F^;Trp53^F/F^* control animals (right panels). Part., parturition. Original magnification: 6.5×.](DMM006395F2){#f2-0040347}

E-cadherin loss collaborates with p53 loss in mammary tumorigenesis
-------------------------------------------------------------------

We have previously shown that *K14cre*-mediated somatic inactivation of p53 in epithelial tissues results in the development of noninvasive adenocarcinoma and carcinosarcoma tumor types with a median latency of ∼330 days ([@b34-0040347]). To target conditional loss of p53 to the mammary epithelial compartment, we crossed *Trp53^F/F^* conditional mutant mice ([@b34-0040347]) with our *Wcre* mice. All resulting *Wcre;Trp53^F/F^* female mice developed mammary tumors, with a median latency of 290 days ([Fig. 4A](#f4-0040347){ref-type="fig"}). To study the tumor suppressor functions of E-cadherin, we crossed our *Cdh1^F^* conditional mice ([@b16-0040347]) with the *Wcre;Trp53^F/F^* mouse model to produce cohorts of *Wcre;Cdh1^F/+^;Trp53^F/F^* and *Wcre;Cdh1^F/F^;Trp53^F/F^* female mice, which were mated once and monitored for subsequent tumor development. All mice were on a mixed genetic background of FVB/N and Ola129/sv ([@b16-0040347]). *Wcre;Cdh1^F/+^;Trp53^F/F^* animals developed tumors with a similar median latency as *Wcre;Trp53^F/F^* females ([Fig. 4A](#f4-0040347){ref-type="fig"}; *P*=0.4638), showing that E-cadherin is not haploinsufficient for suppression of mammary tumor formation in these mice. By contrast, *Wcre;Cdh1^F/F^;Trp53^F/F^* mice developed mammary tumors with a significantly reduced tumor-free survival age (T~50~) of 194 days ([Fig. 4A](#f4-0040347){ref-type="fig"}; *P*\<0.0001). Tumor onset and progression in these mice were relatively uniform, with most tumors arising between 150 and 250 days. These findings demonstrate that combined inactivation of E-cadherin and p53 contribute synergistically to mammary tumor formation in these mice. Subsequent genetic analyses revealed uniform loss of both mutant *Cdh1* alleles in tumors derived from *Wcre;Cdh1^F/F^;Trp53^F/F^* females (data not shown). As in the *K14cre* mILC model, we also detected uniform loss of the conditional and wild-type *Trp53* alleles in mammary tumors from *Wcre;Cdh1^F/+^;Trp53^F/F^*, *Wcre;Cdh1^F/F^;Trp53^F/+^* and *Wcre;Cdh1^F/F^;Trp53^F/F^* females, indicating that loss of functional p53 is a prerequisite for mammary tumor formation in these mouse models (data not shown).

Lactation does not affect tumor onset, incidence, latency or metastasis formation in *Wcre;Cdh1^F^;Trp53^F^* mice
-----------------------------------------------------------------------------------------------------------------

Because our analysis of *Wcre;R26R* mice also revealed Cre recombinase activity in virgin females ([Fig. 1](#f1-0040347){ref-type="fig"}), we set out to investigate whether *Wcre;Cdh1^F/+^;Trp53^F/F^* and *Wcre;Cdh1^F/F^;Trp53^F/F^* female mice would develop mammary tumors in the absence of lactation. To this end, we produced ten female mice of each genotype and monitored tumor development in virgin animals. Interestingly, tumors arose in *Wcre;Cdh1^F/+^;Trp53^F/F^* virgin females with identical incidence and latency when compared with uniparous females ([Fig. 4B](#f4-0040347){ref-type="fig"}). In line with this finding, tumor-free latency was also similar in virgin and parous *Wcre;Cdh1^F/F^;Trp53^F/F^* female mice ([Fig. 4C](#f4-0040347){ref-type="fig"}). Moreover, the tumor spectrum, invasiveness and metastatic dissemination were similar in virgin and parous *Wcre;Cdh1^F/+^;Trp53^F/F^* and *Wcre;Cdh1^F/F^;Trp53^F/F^* female mice (data not shown), indicating that *Wcre* expression levels in virgin female mice in the *Wcre* conditional E-cadherin and p53 mouse model (*Wcre;Cdh1^F^;Trp53^F^*) are sufficient to induce stochastic Cre-mediated loss of E-cadherin and p53.

![**Impaired lobulo-alveolar development upon dual inactivation of E-cadherin and p53.** Comparative histochemistry during gestation of mammary glands from control (*Cdh1^F/F^;Trp53^F/F^*) and *Wcre;Cdh1^F/F^;Trp53^F/F^* animals. Lumenal cells were identified using CK8. Also shown are E-cadherin expression and proliferation by means of staining against incorporated BrdU. HE, hematoxylin and eosin. Original magnification: 100×.](DMM006395F3){#f3-0040347}

Loss of E-cadherin induces a shift from noninvasive adenocarcinoma to ILC with pleomorphic features
---------------------------------------------------------------------------------------------------

Mammary tumors of *Wcre;Trp53^F/F^* females were categorized into two groups and diagnosed as intermediate-grade adenocarcinoma (AC) or solid carcinoma/carcinosarcoma (SC/CS) tumor types, both characterized by expansive growth patterns. Tumors displayed benign noninvasive features and consisted of large epithelial cells forming solid nests or irregular glands. ACs showed membranous expression of E-cadherin and displayed a mixed but exclusive expression pattern of CK8 and CK14, but lacked expression of vimentin and SMA ([Fig. 5A](#f5-0040347){ref-type="fig"}; supplementary material Table S1). SC/CS lesions were characterized by a metaplastic and biphasic histology that consisted of epithelial and mesenchymal elements ([Fig. 5B--D](#f5-0040347){ref-type="fig"}), showing a heterogeneous and mutually exclusive expression pattern for CK8 and CK14, occasionally expressing vimentin and mostly lacking expression of E-cadherin (supplementary material Table S1). Expansive growth patterns were seen in the vast majority of tumors, which only sporadically metastasized to the lung ([Table 1](#t1-0040347){ref-type="table"}; supplementary material Tables S1 and S2).

Because most mammary tumors in *Wcre;Trp53^F/F^* animals were neither invasive nor metastatic, we investigated the phenotypic consequences of loss of E-cadherin. Mammary-specific somatic loss of E-cadherin and p53 in *Wcre;Cdh1^F/F^;Trp53^F/F^* females resulted in a significant shift from expansive to invasive mammary tumors (*P*\<0.0001; [Table 1](#t1-0040347){ref-type="table"}), which showed strong phenotypic similarities to human pleomorphic ILC (PILC). These tumors, which we have previously designated mILC ([@b16-0040347]), developed with high incidence multifocally in several mammary glands (*P*\<0.0001; [Table 1](#t1-0040347){ref-type="table"}). mILC cells grew in a non-cohesive manner in a trabecular fashion, were small in size, relatively pleomorphic in appearance and diagnosed as high grade ([Fig. 5E,F](#f5-0040347){ref-type="fig"}). We could also detect signet ring cells, a typical occasional trait of human ILC ([Fig. 5I](#f5-0040347){ref-type="fig"}). Like the adenocarcinomas from *Wcre;Trp53^F/F^* females, lobular carcinomas showed a mixed CK8 and CK14 expression pattern, but did not express vimentin nor SMA (supplementary material Table S1), indicating that mILC cells display epithelial properties. Although most mILCs from *Wcre;Cdh1^F/F^;Trp53^F/F^* and *Wcre;Cdh1^F/F^;Trp53^F/+^* females were estrogen receptor (ER) negative, we occasionally found mILC lesions that weakly expressed ER. ER was mostly expressed by low-grade elements in mILC lesions, suggesting that ER expression is inversely correlated with tumor grade (supplementary material Table S1 and Fig. S4).

*Wcre;Cdh1^F/F^;Trp53^F/F^* and *Wcre;Cdh1^F/F^;Trp53^F/+^* females also developed SC/CS. Although displaying mILC components, these tumors predominantly exhibited a mixed epithelial and mesenchymal or spindle-shaped cell morphology, presenting large cells with pleomorphic nuclei, coarsely clumped chromatin and sparse cytoplasm. SC/CS tumor cells showed both expansive and invasive growth patterns, an exclusive and heterogeneous expression of CK8 and CK14, and predominantly expressed vimentin, but lacked expression of E-cadherin and SMA ([Table 1](#t1-0040347){ref-type="table"}; supplementary material Table S1).

![**Synergistic tumor suppressor activity of E-cadherin and p53 in mammary tumorigenesis.** Tumor incidence in *Wcre* uniparous females carrying conditional *Cdh1* and *Trp53* alleles. (A) E-cadherin and p53 synergize in mammary tumorigenesis. Shown is a Kaplan-Meier tumor-free survival curve for mammary tumors from *Wcre;Trp53^F/F^* (red) versus *Wcre;Cdh1^F/+^;Trp53^F/F^* (blue), *Wcre;Cdh1^F/F^;Trp53^F/F^* (green) and *Wcre;Cdh1^F/F^;Trp53^F/+^* (brown) females. (B,C) Tumor onset and development in the *Wcre;Cdh1^F^;Trp53^F^* mouse models is lactation independent. Tumor-free survival curves (Kaplan-Meier) of virgin *Wcre;Cdh1^F/+^;Trp53^F/F^* (B; black) and *Wcre;Cdh1^F/F^;Trp53^F/F^* (C; black) female mice, versus uniparous *Wcre;Cdh1^F/+^;Trp53^F/F^* (B; red) and *Wcre;Cdh1^F/F^;Trp53^F/F^* (C; green) females. Mice were sacrificed when mammary tumors reached an average diameter of 10 mm.](DMM006395F4){#f4-0040347}

Loss of E-cadherin induces invasiveness and metastasis
------------------------------------------------------

To explore whether the metastatic spread of mILC in the *Wcre;Cdh1^F^;Trp53^F^* model mimics the metastatic pattern of human ILC, we performed a detailed histological survey of various organs from tumor-bearing mice. Approximately 74% of the *Wcre;Cdh1^F/F^;Trp53^F/F^* and 70% of the *Wcre;Cdh1^F/F^;Trp53^F/+^* females that presented mammary tumors of approximately 1 cm in diameter showed extensive local invasion and metastases to draining and distant lymph nodes ([Fig. 6](#f6-0040347){ref-type="fig"} and [Table 1](#t1-0040347){ref-type="table"}). Discohesive or loosely clustered mILC cells were detected in organs such as skin, lungs, liver, gastrointestinal tract, pancreas and spleen, or were diffusely disseminated throughout the peritoneal cavity ([Fig. 6A--H](#f6-0040347){ref-type="fig"}), indicating that mILC in the *Wcre;Cdh1^F^;Trp53^F^* model recapitulates the histopathology and tumor biology of human ILC. In addition, several mice developed bone metastases, a feature that we have not observed in the *K14cre;Cdh1^F^;Trp53^F^* mouse model, exemplifying the additional value of the *Wcre;Cdh1^F^;Trp53^F^* model ([Fig. 6I](#f6-0040347){ref-type="fig"}). mILC metastases showed a mixed and mutually exclusive expression pattern of CK8 and CK14, and displayed a cellular morphology similar to that of the primary tumor ([Fig. 6](#f6-0040347){ref-type="fig"}; supplementary material Fig. S5).

From the primary tumors that developed in our mouse model, we isolated tumor cells, which were then cultured and subsequently transduced with luciferase-encoding lentiviruses to enable bioluminescence imaging. To further characterize the metastatic spectrum of mILC, we orthotopically transplanted recipient animals with approximately 10,000 luciferase-expressing *Cdh1^Δ/Δ^;Trp53^Δ/Δ^* (mILC) tumor cells. Using noninvasive bioluminescence imaging, we could image tumor growth and distant metastases, which developed approximately 5 weeks post transplantation ([Fig. 7A](#f7-0040347){ref-type="fig"}; *P*\<0.001). Metastases were detected in the peritoneal and thoracic cavity, contralateral mammary glands, lungs and bone (data not shown), illustrating that the full metastatic spectrum of human ILC is recapitulated upon orthotopic transplantation of mILC cell lines derived from the *Wcre;Cdh1^F^;Trp53^F^* model. By contrast, orthotopic transplantation of luciferase-marked *Trp53^Δ/Δ^* tumor cells showed a mixed growth pattern, depending on the cell line studied. Most E-cadherin-proficient tumor cells showed tumor growth, but did not metastasize ([Fig. 7A](#f7-0040347){ref-type="fig"}). The difference in metastatic capacity between *Trp53^Δ/Δ^* and mILC tumor cells in situ correlated well with the acquisition of anchorage independence upon loss of E-cadherin ([Fig. 7B](#f7-0040347){ref-type="fig"}), in analogy to tumor cells derived from the *K14cre;Cdh1^F^;Trp53^F^* mILC model ([@b16-0040347]). In the absence of cell-matrix interactions, E-cadherin-expressing *Trp53^Δ/Δ^* tumor cells were not able to survive, whereas mILC cells readily survived and proliferated in an anchorage-independent fashion ([Fig. 7B](#f7-0040347){ref-type="fig"}). Anoikis resistance was observed for cell lines derived from four independent mILC primary tumors, whereas cell lines from three independent *Trp53^Δ/Δ^* tumors showed anoikis induction under non-adherent culture conditions, indicating that loss of E-cadherin mediates survival of mammary tumor cells in the absence of cell-matrix interactions. In conclusion, in vitro anoikis resistance is a reliable prognosticator of in vivo metastatic dissemination, using cell lines derived from the *Wcre;Cdh1^F^;Trp53^F^* mouse model.

![**Tumor spectrum in the *Wcre;Trp53^F^* and *Wcre;Cdh1^F^;Trp53^F^* mouse models.** Comparative histology of mammary tumors. Shown are H&E-stained sections of: (A) adenocarcinoma (AC), (B) solid carcinoma/carcinosarcoma (SC/CS), epithelial type, (C) SC/CS, mesenchymal type, (D) SC/CS, mixed epithelial-mesenchymal type, (E) mILC, classical type (note the typical trabecular 'Indian file'-type invasive growth patterns), (F) mILC, pleomorphic type, (G) mILC, solid type, (H) mouse LCIS, (I) metastatic mILC, signet-ring cell type \[note the characteristic presence of intracellular lumina containing mucin (arrow)\]. Scale bars: 100 μm.](DMM006395F5){#f5-0040347}

DISCUSSION
==========

Research on breast cancer metastasis has greatly profited from recent advances in modeling metastatic disease in mice, using both transplantation techniques and genetic modification ([@b30-0040347]; [@b44-0040347]). Owing to the complex nature of the metastatic process, models that mimic both de novo tumor development and spontaneous metastasis formation are scarce, but nevertheless emerging. Here, we have used Cre-*loxP*-based conditional mutagenesis to develop a lactation-independent and mammary-gland-specific mouse model of human PILC.

*Wcre*-mediated inactivation of E-cadherin and p53 in mice induced simultaneous development of multiple tumors in several mammary glands. This high penetrance implies that only one or a few additional hits are required to induce tumor formation of predisposed E-cadherin- and p53-deficient mammary progenitors. *Wcre*-mediated loss of E-cadherin and p53 induced numerous biphasic tumors in several mammary glands that displayed both epithelial and mesenchymal characteristics, suggesting that conditional inactivation based on *Wap* promoter activity occurs in a progenitor cell that is not yet fully committed to a distinct epithelial lineage. Although *Wap* is known to be transcribed during gestation and lactation ([@b47-0040347]; [@b14-0040347]), we found that a substantial amount of *Wcre* mammary epithelial cells show Cre activity independent of gestation and lactation. Moreover, mammary glands from 4-week-old *Wcre;R26R* female mice already displayed β-galactosidase activity, indicating that the *Wap* promoter used in our studies might be activated by prolactin in young virgin animals at to the onset of estrus ([@b60-0040347]; [@b66-0040347]; [@b10-0040347]). Nonetheless, the majority of mammary reconstitution assays that we have performed with mammary epithelial cells from 3-week-old *Wcre;Cdh1^F/F^;Trp53^F/F^* mice yielded phenotypically wild-type mammary glands (Eva J. Vlug and P.W.B.D., unpublished data), implying that the majority of mammary epithelial stem and/or progenitor cells in 3-week-old *Wcre* conditional mice have retained a non-switched (floxed) configuration and that the majority of *Wcre*-mediated recombination occurs upon the onset the first estrous cycle, which commences after approximately 28 days in mice ([@b8-0040347]). Because multiple copies of the *Wcre* transgene will have concatemerized during genomic integration, we envisage that physiological prolactin levels in the virgin animals might be sufficient to drive stochastic *Wcre*-mediated loss of E-cadherin and p53 in the absence of a lactational pulse.

###### 

Somatic inactivation of E-cadherin leads to invasive and metastatic mILC in the *Wcre;Cdh1^F^;Trp53^F^* mouse model

![](DMM006395T1)

It is likely that dependency on E-cadherin function changes during differentiation of mammary stem and/or progenitor cells towards lumenal and myoepithelial descendants. Cells that differentiate into lumenal-type cells will become dependent on E-cadherin-based adherens junctions, and succumb to apoptosis upon loss of E-cadherin as a result of the absence of a redundant classical cadherin ([@b6-0040347]; [@b16-0040347]). Following this event, cells will be cleared from the fat-pad, resulting in the absence of E-cadherin-deficient glandular structures in *MMTVcre;Cdh1^F/F^* and *Wcre;Cdh1^F/F^* mice ([@b6-0040347]) (and this study). Myoepithelial cells do not express E-cadherin, and hence will not be influenced by *Cdh1* deletion, mainly because P-cadherin is the predominant classical cadherin that will maintain the junctional integrity in these cells ([@b48-0040347]). We therefore hypothesize that mammary stem and/or progenitor cells tolerate the absence of E-cadherin until differentiation into lumenal descendants is commenced.

![**The metastatic spectrum of mILC.** (A) Local invasion of mILC, showing infiltration of the skin dermis by tumor cells. (B) Infiltration of the striated muscle of the hind limb by mILC cells, which originated from a primary tumor present in the adjacent fifth mammary gland. (C,D) Distant metastasis of mILC. Carcinoma cells are infiltrating an axillary lymph node (C) and lungs (D). (E--H) Peritoneal involvement in mILC. Sections showing invasion of mILC cells into the muscularis externa of the stomach (E), metastasis of mILC to liver (F) and spleen (G), and colonization by mILC cells of a pancreatic islet of Langerhans (H). (I) Bone metastasis in mILC. Metastatic mILC cells infiltrating the right femur of a *Wcre;Cdh1^F/F^;Trp53^F/+^* female mouse. Arrows point to metastatic mILC cells. Scale bars: 100 μm.](DMM006395F6){#f6-0040347}

Our results show that loss of p53 confers resistance to the proapoptotic signals that are initiated upon E-cadherin inactivation, resulting in the survival of lumenal cells in the absence of a functional adherens junction. In *Wcre;Cdh1^F/F^;Trp53^F/F^* female mice, inactivation of E-cadherin and p53 during gestation resulted in the accumulation of mostly CK8-positive epithelial cells and mesenchymal-type cells that fill the periductal environment, thereby inhibiting formation of a functional mammary gland. Interestingly, *Wcre*-mediated gene switching did not result in accelerated tumor development in parous females when compared with the incidence in virgin females or the tumor-free survival in our models, indicating that Cre recombinase activity during gestation and lactation is mostly restricted to differentiated cells that do not contribute to mammary tumor formation. By contrast, lactation-independent inactivation of p53 and E-cadherin in mammary stem and/or progenitor cells will give rise to transformed epithelial cell types that display enhanced survival and growth and, in addition, harbor stem-cell-like characteristics that might facilitate progression into carcinomas with a non-cohesive growth pattern typical for mouse and human ILC. In the rare event that the myoepithelial compartment is not affected by somatic inactivation of the mutant alleles and the integrity of the basement membrane remains unaffected, this might give rise to LCIS, as in the human situation. Nonetheless, most early mILC lesions show a disturbed myoepithelial and/or basement membrane architecture, which is most probably causal to their highly invasive character. Also, the stromal component that is abundantly present in the periductal regions might contribute to tumor cell invasiveness through deposition of extracellular matrix, as has been recently proposed ([@b33-0040347]).

![**mILC anoikis resistance correlates with in vivo metastasis.** (A) mILC metastasis imaging in vivo. Bioluminescence imaging of recipient animals, which were orthotopically transplanted with luciferase-transduced *Trp53^Δ/Δ^* cells (top panels) or mILC cells (bottom panels). The color bar represents bioluminescence intensity counts. Transplantations were performed using two different mILC and *Trp53^Δ/Δ^* cell lines, in a minimum of five recipient animals. (B) Loss of E-cadherin induces anoikis resistance in the absence of p53. Tumor cell lines established from *Wcre;Trp53^F/F^* (AC) and *Wcre;Cdh1^F/F^;Trp53^F/F^* (mILC) female mice were plated onto non-coated low cluster wells and the percentage of cells expressing phosphatidylserine was determined using binding to FITC-conjugated annexin-V. Dead cells were detected using DNA binding to ToPro-3. In the presence of E-cadherin, tumor cells are not able to survive in the absence of anchorage (white bars), whereas E-cadherin-deficient *Cdh1^Δ/Δ^;Trp53^Δ/Δ^* (mILC) cells (black bars) show anoikis resistance (*P*\>0.001). Error bars represent the standard deviation of triplicate measurements.](DMM006395F7){#f7-0040347}

Although human ILCs are mostly ER positive, we only detected sporadic ER-positive cells in low- or intermediate-grade mILC lesions that still display features of glandular and/or ductal architecture. High-grade invasive and metastatic mILC never showed ER expression, which is in line with previous observations that mouse mammary tumors in general show physiological differences compared with human breast cancer with respect to hormone receptor expression ([@b68-0040347]; [@b28-0040347]; [@b16-0040347]; [@b1-0040347]; [@b34-0040347]). We assume that the vast majority of the mammary tumors that form in *Wcre;Cdh1^F/F^;Trp53^F/F^* female mice have developed from an ER-negative progenitor cell. Occasionally, preneoplastic cells will express ER, but will either not develop into a high-grade invasive tumor, or will transit to an ER-signaling independent mILC.

In contrast to human classical ILC, mILC depends on inactivation of p53, which is thought to occur in a minority (4--25%) of human cases ([@b35-0040347]; [@b51-0040347]; [@b57-0040347]; [@b13-0040347]; [@b2-0040347]). Most studies have employed immunohistochemical detection of mutant p53 protein, leaving the possibility of functional p53 loss through alternative mechanisms. Supporting this are recent studies showing that 30--40% of human lobular carcinomas have lost the *TP53* locus on chromosome 17p13 ([@b38-0040347]; [@b58-0040347]). Most mILC lesions showed atypical nuclear morphology and would be classified as PILC in human pathology. PILC shows a more aggressive clinical behavior than ILC but is thought to share a common genetic pathway ([@b7-0040347]; [@b43-0040347]; [@b54-0040347]; [@b23-0040347]). The basis for the poorer prognosis of PILC when compared with ILC is thought to emanate from the fact that PILC is characterized by a higher frequency of ER and/or progesterone receptor negativity ([@b4-0040347]) and loss of p53 function ([@b37-0040347]; [@b29-0040347]; [@b55-0040347]; [@b49-0040347]).

In conclusion, we have generated a novel *Wcre* transgenic mouse line that displays Cre recombinase activity in mammary stem and/or progenitor cells. Consequently, *Wcre*-driven somatic inactivation of E-cadherin and p53 results in mammary tumor formation with similar incidence and latency in both virgin and parous mice. Combined inactivation of p53 and E-cadherin leads to mILC, which is highly invasive and shows (lymph)angiogenic and diffuse dissemination with metastasis to the gastrointestinal tract and bone, similar to the human situation. Our mouse model therefore represents an excellent preclinical model to test novel intervention strategies for invasive and metastatic breast cancer.

METHODS
=======

Generation of *Wcre* transgenic mice
------------------------------------

We constructed the *Wcre* transgene from an expression cassette that includes a 4.5-kb genomic *BamH*I-*Sal*I mouse *Wap* gene promoter fragment followed by a 0.65-kb rabbit β-globin intron and a 0.63-kb transcription termination/polyadenylation fragment derived from the human growth hormone gene. Cre coding sequences were inserted between the intron and the poly(A) fragment ([Fig. 1A](#f1-0040347){ref-type="fig"}). Next, we separated the 7.8-kb transgene fragment from vector sequences, purified and injected it into the pronuclei of one-cell-stage embryos of FVB/N mice. Microinjected eggs were transferred at the two-cell stage into the oviducts of pseudopregnant recipient females. Heterozygous transgenic animals were identified using PCR analysis.

DNA analysis and genotyping
---------------------------

Genomic DNA isolation and Southern blot analysis were performed as described ([@b28-0040347]; [@b16-0040347]). Detection of the *Trp53^F^*, *Trp53^Δ^*, *Cdh1^F^* and *Cdh1^Δ^* alleles was done by PCR as described ([@b16-0040347]). Transgenic *Wcre* animals were identified by PCR using primers 5′-ACAGCCATCAGT-CACTTGCC-3′ and 5′-CATCACTCGTTGCATCGACC-3′, yielding an amplification product of 432 bp.

Antibodies
----------

Antibodies used were: mouse anti-E-cadherin (1:300; BD Biosciences), mouse anti β-catenin (1:150; BD Biosciences), rat anti-CK8 (Troma-1; 1:125; Developmental Studies Hybridoma Bank), rabbit anti-CK14 (1:10,000; BabCo), guinea pig anti-vimentin (1:400; RDI), rabbit anti-SMA (1:350; Lab Vision), mouse anti-BrdU (1:1000; DAKO), rabbit anti-ERα (1:1000; Santa Cruz Biotechnology). Secondary antibodies were: biotin-conjugated anti-mouse, anti-rat and anti-rabbit antibodies (DAKO), and biotin-conjugated anti-guinea pig (Jackson ImmunoResearch).

Stainings of whole mount preparations
-------------------------------------

Reconstituted mammary glands were dissected and stretched on a glass slide. The glands were fixed in a mixture of 6:3:1 methanol:1,1,1-trichloroethane:acetic acid (all Sigma) for 4 hours and processed as whole mounts, which were stained overnight with carmine aluminum staining solution \[2 g/l carmine (Sigma), 5 g/l aluminum potassium sulphate dissolved in H~2~O\]. After stepwise dehydration in 70%, 95% and 100% ethanol, the glands were cleared in xylene (Sigma) for 10 minutes before taking pictures. For the β-galactosidase staining, we fixed glands in 4% paraformaldehyde (Sigma), 2 mM MgCl~2~ (Merck) and 5 mM EGTA (Sigma) for 4 hours at 4°C. After washing with 2 mM MgCl~2~, 0.02% NP-40, 0.01% Na-deoxycholate in PBS, glands were stained overnight with X-Gal staining solution \[5 mM ferro-cyanide (K~4~Fe(CN)~6~), 5 mM ferri-cyanide (K~3~Fe(CN)~6~), 2 mM MgCl~2~, 0.02% NP-40 and 1 mg/ml X-Gal (Biosolve)\] at 37°C in the dark. After dehydration in ethanol, glands were cleared in xylene (Sigma) for 10 minutes. For determination of cellular proliferation, mice were injected intraperitoneally with 2 mg/ml BrdU (Sigma) 90 minutes prior to harvest of the mammary glands.

Histological analysis
---------------------

Tissues were isolated, fixed and processed as described ([@b16-0040347]).

Cell culture
------------

Cells were isolated and cultured as described previously ([@b16-0040347])

Lentiviral production and transduction of cells
-----------------------------------------------

Lentiviral particles were produced by seeding 10^6^ 293T cells onto a 10 cm Petri dish and performing transient transfection after 24 hours with third-generation packaging constructs and a luciferase-encoding transfer vector (LV-luc) ([@b16-0040347]). Supernatant containing lentiviral particles were harvested and concentrated tenfold by ultra centrifugation at 75,000 ***g*** for 2.5 hours. Tumor cells were infected for 16 hours in the presence of 4μg/ml polybrene.

Orthotopic transplantations and bioluminescence imaging
-------------------------------------------------------

3-week-old *Rag2^--/−^;IL2R*γ*c^--/−^* BALB/c female recipient mice ([@b20-0040347]) were anaesthetized by intraperitoneal injection of a mixture containing 25 μl fentanyl citrate/fluanisone (hypnorm; Janssen Pharmaceutica), 25 μl midazolam (dormicum; Roche) and 50 μl water. The fourth mammary gland was exposed and endogenous mammary epithelial tissue was removed. Next, approximately 10,000 luciferase-transduced tumor cells were injected in the cleared fat-pad using a 10 μl Hamilton syringe, after which the animals were sutured. After a recovery period of 2 weeks, mice were anesthetized with isofluorane (Janssen Pharmaceutica), injected intraperitoneally with 225 μg/g body weight *n*-luciferin (potassium salt; Biosynth AG) and imaged on an IVIS-200 bioluminescence imager (Xenogen). All animal experiments were performed in accordance with institutional guidelines and national regulations.

###### TRANSLATIONAL IMPACT

### Clinical issue

Metastatic disease is the major cause of mortality in breast cancer patients. A hallmark of invasive and metastatic cells is inhibition of E-cadherin function. Invasive lobular carcinoma (ILC; the second most common type of primary breast cancer) is characterized by early loss of the epithelial cell-cell adhesion molecule E-cadherin. The classical form of ILC is characterized by non-cohesive and invasive cells but without mass formation, often resulting in a false-negative diagnosis using physical examination or mammography. Although most cases of ILC are estrogen receptor (ER) positive and therefore responsive to initial endocrine therapy, the disease is generally refractory to standard chemotherapy treatments once ER expression is lost at later stages.

### Results

In this paper, the authors establish a new mammary-specific conditional knockout mouse model to show that combined stochastic inactivation of E-cadherin and p53 results in impaired mammary gland function. Phenotypically, mammary tumors in this model exhibit multiple features of human pleomorphic ILC, both in terms of their appearance and their metastatic behavior. The data show that somatic inactivation of E-cadherin renders mammary epithelial cells anoikis resistant in the context of p53 deficiency. Importantly, the female mice in this model develop highly invasive and metastatic mammary tumors for which the onset, incidence and metastasis are lactation independent.

### Implications and future directions

The lactation-independent and mammary-gland-specific mouse model of human pleomorphic ILC presented in this paper provides a new tool to gain insight into the role of E-cadherin loss of function in mammary tumor initiation, progression and metastasis. The study also addresses how E-cadherin and p53 might cooperate in mammary tumor development. Given the similarities between mouse and human ILC, this model might ultimately contribute to the development of novel clinical intervention strategies for the treatment of metastatic breast cancer.

Anoikis assay
-------------

Cells were plated at a density of 75,000 cells per well in a six-well ultra-low cluster polystyrene culture dish (Corning). FITC-conjugated annexin-V (1:20; IQ Products) and ToPro-3 (1:2000; Molecular Probes) were added and annexin-V-positive apoptotic cells were analyzed by FACS as described ([@b15-0040347]). Statistical significance was calculated using the Student's *t*-test.
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